The production of W bosons in association with jets at the Fermilab Tevatron provides an opportunity to test predictions for electroweak and QCD processes described by the standard model. We present an examination of the exclusive jet spectrum in the W +jets final state in which the heavy-flavor quark content has been enhanced by requiring at least one b-tagged jet in an event. We also measure the exclusive jet spectrum for events that contain one jet tagged with more than one algorithm. We compare data on e + jets (164.3 pb −1 ) and µ + jets (145.3 pb −1 ) channels, collected with the DØ detector during Run II of the Fermilab Tevatron, to expectations from the standard model, and set upper limits on anomalous production of such events.
I. INTRODUCTION
The heavy-flavor quark content of jets produced in association with a W boson provides a sensitive test of standardmodel (SM) predictions for such processes. Deviations from expected rates would suggest the presence of physics not described by the SM. The primary contributions to producing a W boson associated with heavy-flavor quarks in the final state are expected to be from tt and Wbb final states, with additional SM contributions arising from single-top or W Z(with Z → bb) production.
The production of W bosons accompanied by light-quarks called W + n-jet in this note, where the index n indicates the inclusion of n or more quark jets) contributes to the background when the light-quark jets are misidentified as heavy-flavor quarks. In addition, background can arise from Zbb, ZZ(with one Z → bb), and Z + n-jet production when one of the leptons from Z → + − decay is not observed in the detector. The main instrumental background arises from multijet processes in which a jet is misidentified as a lepton, and missing transverse energy is generated through the mismeasurement of one of the jets. These kinds of events can originate from b-tagged heavy-flavor jets or misidentified light-quark jets.
Evidence for anomalous production of heavy-flavor (hf) jets in association with a W boson was reported recently by the CDF collaboration [1] . Our analysis investigates this issue by studying the exclusive jet spectrum using secondaryvertex (SVT) and soft-lepton (SLT) b-tagging algorithms. To address the anomaly observed by CDF in Run I of the Fermilab Tevatron [1] , the exclusive jet spectrum is examined in a richer sample of hf events that contain at least one jet b-tagged with both SVT and SLT algorithms. The data correspond to 164.3 pb −1 in the e + jets channel and 145.3 pb −1 in the µ + jets channel, collected with the DØ detector [2] during Run II of the Fermilab Tevatron. We discuss the trigger, methods used for reconstruction and identification of physical objects, event selection, and backgrounds to the W +jets final states.
II. DATA AND BACKGROUNDS
The data for the studies outlined in this note were collected with the DØ detector during Run II of the Fermilab Tevatron. The DØ detector is comprised of the following main elements. A magnetic central-tracking system, which consists of a silicon microstrip tracker (SMT) and a central fiber tracker (CFT), both located within a 2 T superconducting solenoidal magnet [2] . The SMT has ≈ 800, 000 individual strips, with typical pitch of 50 − 80 µm, and a design optimized for tracking and vertexing capability at pseudorapidities |η| < 3. The system has a six-barrel longitudinal structure, each with a set of four layers arranged axially around the beam pipe, and interspersed with 16 radial disks. The CFT has eight thin coaxial barrels, each supporting two doublets of overlapping scintillating fibers of 0.835 mm diameter, one doublet being parallel to the collision axis, and the other alternating by ±3
• relative to the axis. Light signals are transferred via clear light fibers to solid-state photon counters (VLPC) that have ≈ 80% quantum efficiency.
Central and forward preshower detectors located just outside of the superconducting coil (in front of the calorimetry) are constructed of several layers of extruded triangular scintillator strips that are read out using wavelength-shifting fibers and VLPCs. The next layer of detection involves three liquid-argon/uranium calorimeters: a central section (CC) covering |η| up to ≈ 1, and two end calorimeters (EC) extending coverage to |η| ≈ 4, all housed in separate cryostats [3] . In addition to the preshower detectors, scintillators between the CC and EC cryostats provide sampling of developing showers at 1.1 < |η| < 1.4.
A muon system resides beyond the calorimetry, and consists of a layer of tracking detectors and scintillation trigger counters before 1.8 T toroids, followed by two more similar layers after the toroids. Tracking at |η| < 1 relies on 10 cm wide drift tubes [3] , while 1 cm mini-drift tubes are used at 1 < |η| < 2. Coverage for muons is partially compromised in the region of |η| < 1 and |φ| < 0.2 rad, where the calorimeter is supported mechanically from the ground [4] .
Luminosity is measured using plastic scintillator arrays located in front of the EC cryostats, covering 2.7 < |η| < 4.4. A forward-proton detector, situated in the Tevatron tunnel on either side of the interaction region, consists of a total of 18 Roman pots used for measuring high-momentum charged-particle trajectories close to the incident beam directions.
The trigger and data acquisition systems are designed to accommodate the high luminosities of Run II. Based on preliminary information from tracking, calorimetry, and muon systems, the output of the first level of the trigger is used to limit the rate for accepted events to ≈ 1.5 kHz. At the next trigger stage, with more refined information, the rate is reduced further to ≈ 800 Hz. These first two levels of triggering rely mainly on hardware and firmware. The third and final level of the trigger, with access to all the event information, uses software algorithms and a computing farm, and reduces the output rate to ≈ 50 Hz, which is written to tape.
We reject events from data-collection periods in which major subdetectors are not fully functional. In addition, events in which the calorimeter exhibits excessive noise are also rejected. Standard quality criteria are used to identify well-reconstructed electrons, muons, and jets. Energies of electrons and jets are corrected for scale, and jets are corrected for muon decays within them. The missing transverse energy ( E T ) contains all energy corrections, including those for any muon in the event. In the selection of W → eν and W → µν decays, we require a single-electron or a single-muon trigger to have fired for each event. The full data sample is reduced to two smaller sub-samples, referred to in the following as the 1EMloose and 1MUloose samples, which are selected as follows:
• 1EMloose: One reconstructed electromagnetic shower with p e T > 15 GeV/c.
• 1MUloose: One reconstructed muon with p
The integrated luminosity is 164.3 pb −1 for the 1EMloose sample and 145.3 pb −1 for the 1MUloose sample. The uncertainty on the measured value of the luminosity is 6.5% [5] .
The single-electron triggers used for this analysis have a minimum Level 1 (L1) trigger requirement of one L1 calorimeter trigger tower with at least 11 GeV of energy in the electromagnetic portion of the calorimeter. Level 3 of the trigger requires a single electron candidate above 20 GeV, with a shower shape requirement on the reconstructed electron candidate. The single-electron triggers are, on average, 97.0 ± 1.6% efficient [6] . The single-muon triggers have a L1 trigger requirement of a scintillator trigger in coincidence with a trigger from the luminosity detector (to reject cosmic ray muons). At Level 2, the trigger requires a reconstructed muon with p T > 5 GeV/c, and at Level 3, one charged track with p T > 10 GeV/c. The single-muon triggers have an average efficiency of 59.7 ± 5.2% [7] .
All events with reconstructed primary vertexes (PV) containing less than 3 tracks, or z-positions (along the beam) of |z P V | > 60 cm from the geometrical center of the detector, are rejected. Candidate events for W → eν decays are selected by requiring one isolated, track-matched electron with p e T > 20 GeV/c and |η e | < 1.1. Candidate events for W → µν decays are selected by requiring one isolated, track-matched muon with p µ T > 20 GeV/c and |η µ | < 1.6. A lepton is considered isolated if it has separation of ∆R > 0.5 in (η, φ) from all jets in the event. Muons are required to satisfy two additional isolation criteria. First, we require that the transverse energy deposited in the calorimeter in an annular ring (or muon halo), defined by 0.1 < ∆R < 0.4 around the axis of the muon, be smaller than 2.5 GeV. Second, we require that the sum of the p T of all tracks in a cone of ∆R < 0.5 around the muon direction be less than 2.5 GeV/c. Events are also required to have E T > 20 GeV, and ∆φ( , E T ) > π/8. Finally, we select events with a reconstructed transverse mass corresponding to that of the W boson 40 < M WT < 120 GeV, to enhance W -boson purity in the sample and to reject background from multijet production. (In calculating M WT , we assume that E T corresponds to the E T of the neutrino).
Upon selection of candidate W → eν and W → µν events, we evaluate the heavy-flavor jet content of the event. We consider only jets with p j T > 25 GeV/c and |η j | < 2.5. Jets that have axes within ∆R < 0.45 of an electron are rejected to eliminate the ambiguity of electrons also being reconstructed as jets. All jets not satisfying these criteria are removed from the analysis. Jets are then evaluated using the SLT and SVT b-tagging algorithms.
The SLT algorithm is based on soft muons from decays of heavy-flavor quarks through virtual W bosons, and relies on muons that are produced near a jet in (η, φ) space. Only muons with p µ T > 4.0 GeV/c and |η µ | < 2.0 are considered for b-tagging. To reject Z → µµ backgrounds, we require p µ T < 15.0 GeV/c. Jets with muons within ∆R < 0.5 to the jet axis are deemed b-tagged. In case of ambiguity, the muon closest to the jet axis is chosen as the tagging muon.
Secondary-vertex tags (SVT) are used to identify displaced decay vertices of particles such as B mesons. We use secondary-vertex reconstruction based on a Kalman Filter algorithm [14] , which is described in Ref. [15] . To form secondary vertices, charged tracks are selected on the basis of the significance of their distance of closest approach (dca) to the PV, or dca/σ dca , where σ dca is the uncertainty on dca. The transverse decay length of the secondary vertex, L xy , is taken as the transverse distance from the PV to the beam direction, and is required to be < 2.6 cm. The decay-length significance,
Lxy σL xy
, where σ Lxy is the estimated uncertainty on L xy , is required to be > 7. Jets are considered tagged by this algorithm when a secondary vertex lies within ∆R < 0.5 of the jet axis. In case of ambiguity, the secondary vertex with the largest number of tracks that overlap the tracks in the entire jet is chosen as the candidate secondary vertex.
To study the predicted SM rates, MC events were generated for the processes mentioned in the Introduction, with the exception of multijet production, which is estimated from data using the selections described below. A summary of the MC processes used in this analysis is given in Table I . The MC events were generated at √ s = 1.96 TeV, using the CTEQ5L [12] parton distribution functions (PDFs). A Poisson-distributed minimum-bias overlay, with an average of 0.8 events, was included for all events. The tt MC events were generated with m top = 175.0 GeV. To avoid incorrect combining of cross sections, the number of jets reconstructed in each event is required to equal the number of initial partons requested for each simulated sample. The W/Z + n-jets Pythia [11] MC is used to normalize the selection before b-tagging.
The contribution from the process W b is estimated from a parametrized MCFM MC [8] , and used to calculate a cross section relative to W bb production. This ratio is R W +b/W +bb = 0.21 for events in which all jets are required to have p T > 15 GeV/c. The cross section for W b is taken as this ratio multiplied by the W bb cross section, which is 
Pythia 882 normailzed to the calculation at next-to-leading order (NLO) [8] . In addition, the p T spectrum for W b is obtained from Pythia inclusive W production. The expected efficiency for W b is then calculated using the efficiency for W bb events, in which only one jet is reconstructed, convoluted with the efficiency for the jet requirements for the W b p T spectrum.
As mentioned before, the number of multijet events that pass our selections is estimated using data. The background contribution is calculated separately for the W → eν and for the W → µν selections. To determine the expected number of multijet events in any sample, we first define "loose" and "tight" samples that differ through a specific lepton-selection parameter, chosen to admit a significant amount of background into the analysis. For the e + jets measurement, the loose and tight samples differ by a requirement on an extrapolation of the electron track to match energy deposited in the calorimeter. For the µ + jets measurement, the loose and tight samples differ by a requirement on muon halo and on track isolation. The number of multijet "QCD" events for each bin of each distribution can be calculated from the loose and tight samples as follows [13] :
where N loose and N tight are the number of events selected by the loose and tight selections, respectively, f ake is the efficiency for multijet events to mimic the tight event requirement, and sig is the efficiency for W events to pass the tight event requirement. In this way, the multijet background is estimated for every differential distribution, and is included in the analysis as a separate background contribution. The values of sig are measured in Z → events, where at least one lepton satisfies the tight lepton selection. For events in which the reconstructed Z-boson mass falls within 71.2 GeV < M Z < 111.2 GeV, sig is measured as the efficiency for the second lepton to pass the tight lepton selection. For estimating f ake , we evaluate the number of events that pass full W selections, except for E T , and count the number of events that pass the loose and tight selections in the kinematic region of E T < 20 GeV. This region is dominated by multijet events, with essentially no W bosons present, and therefore provides a good estimate of the rate for misidentification of jets. Figure 1 shows the distributions in transverse momentum of electron candidates and of E T for data and MC in the W → eν selection. Also included in the figures is the estimated multijet background. Figure 2 shows the distribution in the transverse mass of the W , and the p T of the W , derived from the transverse momentum of the electron and E T . In Figs. 3 and 4 , we show the analogous distributions for W → µν. All four distributions do not involve b-tagging, and represent a normalization of the inclusive Pythia W/Z + n-jet MC to data. The observed shapes are in adequate agreement with the MC expectation. Figure 5 shows the exclusive number of jets in events with a selected W boson. The fourth bin in the plot includes the sum of four or more jets. The number of expected and observed events for this distribution is shown in table II.
III. RESULTS OF ANALYSIS
After selecting W -boson candidates, and restricting the reconstructed transverse mass to the peak of the W , we apply the two selected b-tagging algorithms to the events. When an event has at least one tagged jet, it is kept for the next stage of analysis. For each algorithm, we handle separately the distribution of events for the e+jets and µ+jets selections, because the samples have different integrated luminosities. After a renormalization, we sum the two samples to improve the statistical uncertainty of the analysis. The MC is corrected for differences relative to data in b-tagging efficiencies and lepton ID efficiencies. Also, any discrepancy in trigger efficiency between MC and data is corrected for each set of selections (e + jets and µ + jets) [16] . Figure 6 shows the exclusive number of jets in events with at least one SVT-tagged jet. The last bin in the plots contains the sum of four or more jets (there can be more than one SVT-tagged jet in any event.) The expected and observed events with at least one SVT b-tagged jet is summarized in Table III . Figure 7 shows the exclusive number of jets in events with at least one SLT-tagged jet. The format for these plots is the same as that for the SVT plots in the previous paragraph. The distribution of expected and observed events with at least one SLT b-tagged jet is summarized by source in Table IV. Jets tagged with both algorithms should provide a cleaner sample of heavy-flavor jets. The results for such events with at least one "doubly-tagged" jet, supposedly enriched in heavy-quark content is shown in Fig. 8 . The distribution of expected and observed events with at least one jet tagged by both the SLT and SVT algorithms is summarized in Table V . Figure 9 shows the distribution of the measured transverse W -boson mass for events in which at least one jet was b-tagged with either the SVT or SLT tagging algorithms. Here we see no significant departure from the transverse mass distributions obtained before b-tagging.
The dominant sources of experimental uncertainty in this analysis are listed in Table VI . The largest sources are common to both the e + jets and µ + jets selections:
• A 6.5% uncertainty on the integrated luminosity • Uncertainties associated with modeling trigger efficiencies in MC The e + jets selection has additional uncertainties from the identification and reconstruction of electrons as well as from the charged-track-matching to EM clusters. Likewise, the µ + jets selection has uncertainties specific to muon identification and reconstruction, as well as from the p T resolution of muons. We associate a conservative uncertainty of 15% on the cross sections used to normalize the W + X Alpgen MC samples (where X includes all quark flavors). For the remaining MC samples, we use a value of 10%.
Using the doubly-tagged jet sample, we can set a limit on the rate of anomalous heavy-flavor quark production in association with a W boson. Because we have not suggested a possible model for such event production, we cannot base this limit on any specific efficiency or exclusive jet spectrum. In the absence such a model, we quote limits on the number of expected events per exclusive jet bin. To determine limits, we calculate the 95% confidence level (C.L.) for additional event production in each bin. We find a limit for each bin by first populating a normalized Poisson distribution with a mean value given by the expected sum of the number of any anomalous-signal and SM-background events, N s+b . We define N s+b = N s + N b , where N s is the hypothesized anomalous production and N b is the SM expectation. Next, we define the value CL s as the integral of the Poisson distribution above the observed number of events in data. We then determine the value of N s for which CL s exceeds 0.95. This N s is defined as the 95% C.L. limit for the event rate for anomalous heavy-flavor production in association with a W boson. Assuming that anomalous heavy-flavor production has the same event topology as some SM process, the limits derived above can be translated into limits on cross sections. To this end, we consider two scenarios:
• "Wbb-like" production in which two b quarks are produced in association with a W boson. In this scenario, additional light quarks can be included, thereby shifting the event topology to more than 2 jets. Jets not falling within the acceptances of the detector can also cause the event topology to drop to less than 2 jets. We model this production using the efficiencies expected for SM W/Z + bb Alpgen MC.
• "top-like" production in which a heavy particle is produced and subsequently decays to a W boson and a b quark. The event can contain two such heavy particles ("tt-like") or one heavy quark ("single-top-like"), with additional light or heavy quarks possible for both cases. We model this scenario using the efficiencies expected for SM tt and single-top production.
We evaluate a limit on exclusive jet production for each scenario, but first ignore the efficiency for reconstructing the predicted jets. The remaining efficiency represents W -boson selection and b-tagging. To extract limits for a specific model, this efficiency must be multiplied by the efficiency to reconstruct the number of jets given in each exclusive jet bin. These results are shown in Table VIII .
To evaluate a limit on inclusive jet production for each scenario, we reintroduce the efficiency for reconstructin the predicted jets. For inclusive Wbb -like anomalous production, we sum the first two exclusive W + n-jet bins, as the contribution from the remaining bins is negligible. For tt-like anomalous production, we sum all W + n-jet bins, except for the n = 1 bin where, the contribution is also negligible. Table IX shows the 95% C.L. event limits for the combination of jet bins for these two hypotheses, and also the corresponding anomalous heavy-flavor production cross-section limit. The jet reconstruction efficiency is included in the calculations, and the limits contain the expected efficiency for the specified SM processes.
IV. CONCLUSIONS
We have presented an analysis of events in which a W boson was selected in either the W → eν or W → µν decay channel. After this selection, we examined the jets in these events for possible b-tags, using both secondary-vertex and soft-muon b-tagging algorithms. In the e + jets channel we analyzed 164.3 pb −1 of data, and 145.3 pb −1 of data in the µ + jets channel. At this time, we see no significant departure from the predictions of the standard model (see Figs. 6-8) , and we set a 95% CL limit on the rate of anomalous production as a function of the number of jets in the events in which at least one jet is b-tagged with a simultaneous SLT and SVX b-tagging algorithm (see Table VII ). Interpreting these results as anomalous SM production of either W bb-like events or top-like events, we are able to set cross-section limits of 25.0 pb and 9.3 pb, respectively, for such additional processes (see Table IX limits for the number of events summed over the indicated jet bins. Also shown are cross-section limits based on the hypotheses of "top-like" anomalous production and "W bb-like" anomalous production for the selected numbers of jets.
